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(1)) which act as inhibitors in t,he acetylcholinesterase-catalyzed hydrolysis of acetylcholine. Both compounds are essentially associated (completely inhibit enzyme activity) with t.he enzyme in less than a few minutes (2 to 4 min). As available assay methods are incapable of following the rates of such rapid reactions, it was of considerable interest to develop a simple rapid technique for these studies.
The kinetic-based method for measurement of acetylcholinesterase activity for inhibition studies is essentially a problem in products analyses, which, under normal conditions, arc acetic acid and choline. As a sensitive analytical method for the alcoholic OH group of the choline molecule is not available, previous methods for following the hydrolysis rates have monitored the rate of production of t,he protons generated in the reaction. All of these methods are unsuit.able for following fast reactions, however. The Warburg manometrie method (2)) while being the standard method of determining the enzyme activity, is inherently slow in response and limits the choice of medium to a bicarbonate buffer. Titrimetric methods, employing a pH-Stat, such as the methods of Wilson (3) and Main and Dauterman (41, require t.he use of unbuffered media and are extremely slow because of the very long response time of the glass electrode and the mechanical servo system controlling the addition of NaOH (specially designed pH stats, however, are available which have response times of less than 10 set). Volume The inherent difficulties in the method> whirli monitor the rate of proton formation have led investigators
to alternate methods of analysis using artificial substraks.
One of the most promising approaches has been to employ the thio ester analog, ncctylthiocholine:
as the substrate. This approach is possible as the thio ester appears to possess almost identical characteristics and chemical properties as the oxy ester with respect to its reaction with choline&erase (6) . [It should be noted, however that this similarity is not general. When assayed against AchE, the acetylthiocholine is hydrolyzed at a much faster rate than acetylcholine (7)]. The most suitable of the methods devised for the thio ester hydrolysis is that of Elhnan elf (II. (6) , which employs tlie very fast reaction of product, -SH group of thiocholinc with 5,5'-dithiobis-Z-nitrobenzoate to form a colored species, 3-thio-2-nitrobenzoate, with a large extinction coefficient at 412 n-/l. The rate of the hydrolysis is convenient,ly followed by measuring the rate of formation of the colored species. This method allows a free choice of buffer. Although this method can be used for rapid reactions, it does suffer from the disadvantage of interference by other colored species and from the fact that the wavelength employed for monitoring the reaction dots not correspond to a peak, but lies on a slope of the ntIsorI)tion curve \vhich limits the accuracy.
Fiserova-Bergerova (8) has reported that thiocholine exhibits a welldefined polarographic wave. Thus, it is poxsiblc that polarography would be an accurate and simple method of following the rapid reaction of this system. This paper describes the technique devised employing polarographic monitoring of the reaction, compnrcs the results obtained with those obtained spectrophot~omctrically, anal discusses the accuracy an(I precision of the method.
METHODS
The acetylthiocholine (as the iodide salt) and acetylcholinesteraac were obt,ained from bovine erythrocytes and purchased from Sigma Chemical Co., St. Louis, MO. The acetylthiocholine, 8, solutions wer(' 0.035 A4 and maintained at l)H 7 by mc:tns of a phosphate buffer, B, which had an ionic strength of 0.05. The enzyme, E, solutions were prepared as 100 units/cc with t.he same buffer. Both these solutions were deaerated with N, and stored frozen. The 5,5'-dithiobis-2-nitrobenzoate was purchased from Aldrich Chemical Company, Milwaukee, Wis. Solutions of t.his compound were prepared by dissolving 99.7 mg in 25 ml of the buffer. Neostigmine bromide, employed as an inhibitor, 1, was purchased from Mann Laboratories, New York, and was prepared as a 0.001 J4 solution in the deaerated buffer. The phosphate buffer was prepared from KH,PO, (Baker Analyzed Reagent) and NaOH (Acculate) in triply distilled deaerated water. All solutions were stored under N,.
In general, the rates of the hydrolysis reaction were followed by applying a constant -0.20 volt vs. saturated calomel electrode (S.C.E.) to the dropping mercury electrode (D.M.E.)
in the polarographic cell and recording the increase in the anodic (oxidizing) current as a function of time. These rate curves and also polarograms of the system were obtained with a Sargent model XV recording polarograph. The D.M.E. used in these experiments had a drop time of 2.71 set at a height of 61.3 cm of mercury in the buffer solution with -0.20 volt vs S.C.E. applied potential. Under these conditions the outflow of mercury was 1.63 mg/ sec. The temperature of the polarograph cell was maintained at 25°C -t-0.1" by means of a thcrmostated water bath. All solut,ions were brought to thermal equilibrium before a measurement was started. In general, 5 ml of the buffer solution was added to the polarograph cell and the other components then added. In the rate measurements, the enzyme was added last and stirred briefly with N,, and the rate curve was then recorded. All potentials reported were measured with reference to a S.C.E. which made electrical contact with the solution in the polarographic cell by means of an agar-agar KC1 salt bridge.
All spectrophotometric measurements were made with a Beckman DU spectrophotometer.
Correlation of rate data obtained polarographically with that obtained spectrophotometrically by the method of Ellman (6) was carried out under three different conditions in order to minimize the possibility of procedural errors:
(1) th e constituents of the reaction mixture were 90 ml of B, 7.2 ml of S, and 1.8 ml of E. At 5-min intervals, 0.500-ml alicmots of this solution were taken and added to 1.0 ml of I (to stop the reaction), and diluted to 10 ml with B. (Note that the correlation study was carried out by stopping the reaction and analyzing the product by both methods. This was done so that an exact comparison of the two methods could be made. Normally the reaction rate is recorded continuously as the reaction proceeds in the polarograph cell.) (2) The RIDG\\'AT ASD 22.4RK, JR.
react'ion solution consisted of 10 ml of n, 0.80 ml of S, and 0.80 ml of B. At 200-set intervals, 0.500-ml aliquots were added to 0.50 ml of I and diluted to 10 ml. Portions of this solution w'cre analyzed by both t.echniques. (5) The solution consisted of 10 ml of B, 0.8 ml of S, and 1.20 ml of E, and O.lOO-ml aliquots were taken at various times (recorded) and treated and analyzed in the same manner as (2) . All rate data reported in this paper was analyzed statistically by t'he method of Bennett and Franklin (9) and straight-line plots were drawn by means of a conventional least-square linear regression treatment of t,he data. Note that a wave appears at approximately -0.1 volt vs. S.C.E. This wave is probably not a result of the oxidat,ion of the substrate itself, but probably represents the oxidation of mercury in the presence of iodide ion to form a mercury-iodide compound. This conclusion was substantiated by measuring several different polarograms containing different concentrat,ions of substrate and then repeating the same mcasurements, with buffer solutions containing only KI in the same concentration as S. The waves were essentially identical. Also, FiserovaBergerova (8) reported that, no wave was observed at this potential when salts other than the iodide salt were used. Curves 2-8 of Fig. 1 represent t'he polarograms obtained at successive lo-min time intervals following addition of 40 units of the enzyme t.o the same solution corresponding to curve 1. Note that, a new wave appears at more negative potentials which increases with time. The half-wave potential, El,:, is -0.405 volt vs. S.C.E. This wave (and half-wave potential) corresponds almost exactly with that reported by Fiserova-Bergerova (8) for thiocholinc, P, which is the product of the enzyme-catalyzed hydrolysis. Figure 1 shows that this polarographic wave is well defined in this system and by monitoring t,hc current as a function of t,ime at a constant applied potential, E,., of -0.20 volt, vs. S.C.E., tllc rate of production of thiocholine is easily follow-etl.
The electrochemical characteristics, such as E,,?, electrocapillary curves (lo), mercury height (11) dependence, and wave shape are almost identical to those reported by Stricks rind Kolthoff (12) and Tachi and Koide (13) for the anodic wave of a similar sulfhydryl-containing compound, glutathionc, under similar con(litions. They concluded that t,he wave corresponded to mercury oxidation in the presence of the sulfhydryl group to form a complex of the type, (R-S),Hg.
The commercial enzyme preparation used in this study was found to contain some polarographically active component or group which was not, however, associated with the active sites of the enzyme itself. This "material" exhibits a poorly defined cathodic double wave beginning at approximately 0 volt vs. S.C.E. The height of this cathodic wave was directly proportional to concentration of the enzyme, and its height decreased linearly with time when the enzyme solution was electrolyzed at a constant voltage of -0.25 volt vs. S.C.E. (on the second plateau). The rate of decrease of this wave was found to bc 5.5 X 10m3 pamp ml/min/unit concentration enzyme, which results in a finite error in determining the rate of production of the thiocholine during slow hydrolysis reactions, as shown in Table 1 . As the measured current at -0.20 volt will be the sum of this cathodic current and the anodic thiocholine current, this material results in an error which is easily circumvented. One can also simply correct for the small change in the current rcsulting from the electrolysis of this "material,"
as its time rate of change is linear and can be subtracted from t,he total over-all current change to give the time rate of change of current resulting from the oxidation of thiocholine. Electrolysis of the stock enzyme solution (containing the buffer) at -0.25 volt vs. S.C.E. for a period of 1.5 hr using a D.M.E. completely removes this polarographically active "material" without, affecting the enzyme activity (see Table 1 ). This pretreatment step is A more sllre way of circumventing thl, 'Q source of error and could be accomplished much faster by using a macro stirred Hg pool electrode during the constant potential electrolysis. Table 1 shows that the pretreatment of the enzyme solution and algebraic correction yield the same numerical result,s for the rate of hydrolysis.
Note that the correction or removal of this "material" is necessary onl~~ when very slow hydrolysis reactions are being studied, as the rate of change with time of this wave is very small when the D.M.E. is used.
In the experiments performed to compare the polarographic method with the spectrophotometric method of Ellman (6), it was found that rate of change of concentration of thiocholine, d
[thiocholine]/dt, on hydrolysis as measurccl by the method of Ellmnn (6) was directly proportional to the rate of change of the diffusion current at -0.20 volt, (did /dtLo.eo volt, for all three different solution conditions tried (9 runs were made for each solut,ion condition) as shown in Table 1 . This is further evidence that the anodic wave observed corresponds to thiocholine oxidation.
The value of the Michaelis-Menten constant, K, (4, 6), for the cholinesterase-catalyzed hydrolysis of acethylthiocholine calculated from rate data obtained by the polarographic method of this paper was 3.23 X 10m4 mole/liter. This value compares reasonably well with the value of 1.40 X lo-" mole/liter reported by Ellman (6), which was calculated from rate data of Ellman (6) obtained by the spectrophotometric method. the dimethylcarbamyl-enzyme derivative formed and where k, > > k, (15, 16) ] for an inhibitor reaction, under competitive conditions, can be calculated according to Wilson (17) from the expression:
where [I] is inhibitor concentration (lOei 111 in this experiment), 17" is the uninhibited reaction velocity, and I; is the equilibrium inhibited velocity. A value of ii, of 3.6 X 10m7 ,V with a st'andard deviation of 0.6 X lo-' :M was calculated from the data of 5 runs. This value is comparable to that reported by Wilson (17) ) K,lL = 0.93 X 16' ill, which was obtained under noncompetitive conditions (14) and at an ionic strength of 0.02 and pH of 7.2, and that reported by Augustinsson and Nachmansohn (18) , I&,, = 1.6 X lo-; 111, obtained under competitive conditions.
The rate of association, K 1, of neostigmine wit.h the cholinesterase was calculated also by two different methods under two different inhibitor concentration conditions. Under exactly the same solution conditions employed above in the K, measurements, K, can be calculated for a competitive reaction, according to Wilson (17) ) from the expression:
where V, is the reaction velocity at any time, tl, before equilibrium and the other symbols have the same meaning as above. The value of tl, employed in this experiment was 1 min. A value of K, = 6.0 X 10* set-l M-' with a standard deviation of 0.4 X lo& secl di-* was obtained from the data of 5 runs. Wilson (17) obtained a value of 1.2 X lo* see-' Mm1 for K, for a reaction run under noncompetitive conditions. Employing conditions which give a much faster rate of inhibition
[S] and [I] same) and using the expression derived by Main and Dauterman (4) for K, (competitive conditions, also):
a value of K, = 5.9 X 10' secl M-' + 0.6 X lOa set-l M-l was obtained for 5 runs (tl = 1 min). The reaction under these conditions was quite fast. Total inhibition was obtained within 4 min. DISCUSSION It was found that the polarographic method agrees very well with the spectrophotometric method of Ellman (6) with respect to the rate of production of thiocholine on the cholinest,erase-catalyzed hydrolysis of acetylthiocholine.
The major advantage of the polarographic method is its simplicity and ability to follow fast reactions, as demonstrated by the results obtained in this study using large concentrations of the inhibitor, neostigmine bromide, which simulates the rates expected with the fast inhibitors
(1). Reliable data on the rate of change of enzyme activity is obtained after a few seconds (w-5 to 10 set) after addition of the inhibitor to the enzyme-substrate system. This t,ime lapse is a result of the brief mixing period followed by the time required for the solution to become quiescent aft,cr mixing after the inhibitor is added. This "dead time" could be reduced substantially by using either a rotated mercury electrode (19) or a mercury-coated platinum electrode (20) employing voltametric conditions (21) which do not require the solution to become quiescent before data can be taken. Further reduction of the "dead t,ime" could be accomplished by using fast mixing techniques, such as the stop-flow system of Chance (22), in conjunction with the stirred-electrolysis conditions of voltametry.
SUMMARY
A rapid and simple polarographic method for following the rates of the cholinesterase-catalyzed hydrolysis of acetylthiocholine and the rates of inhibition of this hydrolysis is described. This method has the advantage that it can follow quite rapid reactions, as meaningful data can be obtained after 10 set of mixing of the solutions. The method follows the rate of increase of the anodic polarographic wave of thiocholine produced by the hydrolysis. The validity of the method was determined by comparing the rates of production of thiocholine spectrophotometrically and polarographically. Also the values of K, for the hydrolysis, and K nt and K, for the inhibition reaction of neostigmine were determined and compared to values reported in the literature.
